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Highlights  
>  Palladium nanotubes are synthesized by using silver nanowires as the template. 
> Palladium nanotubes are polycrystalline composed of small palladium 
nanoparticles. 
>  Palladium nanotubes show the highest electrocatalytic activity for ethanol among 
used alcohols. 
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Abstract: Palladium nanotubes were prepared by using silver nanowires as the 
template, which were prepared in a modified polyol reduction process. The 
morphology and structure of silver nanowires and palladium nanotubes were 
investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). Electrochemical experimental data showed 
that palladium nanotubes displayed high electrocatalytic activity towards the 
electrooxidation of alcohols, especially for ethanol. The formation mechanism of 
palladium nanotubes as well as the relationship between their structure and 
electrocatalytic activity was discussed based on the experimental results. 
Keywords: Palladium nanotubes; Silver nanowires; Template; Electrocatalysis 
 
1. Introduction 
As one type of the important power sources with high efficiency and no pollution 
[1,2], direct alcohol fuel cell (DAFC) has received great interest due to its potentially 
important applications in many fields, such as portable electronic devices and vehicles 
[3–5]. The choice of a suitable catalyst is essential to DAFC. Normally, platinum 
(Pt)-based electrocatalysts for DAFC can show excellent electrocatalytic activity for 
fuel molecules. However, high cost as well as the easy poison nature introduced by 
the CO-like intermediates of Pt-based electrocatalysts hinders their commercial 
development [6,7]. Thereafter, either the design of new Pt nanostructures with 
excellent electrochemical performances or the exploration of non-Pt electrocatalysts 
has attracted extensive interest [8–11]. Palladium can be considered as one of the 
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important candidates for non-Pt catalyst systems due to its desirable performance 
toward the electrooxidation activity of small organic molecules, such as ethanol, 
methanol and formic acid [9–12]. 
Electrocatalytic activity of Pd nanostructures intensively depends on their size, 
shape and structure of the electrocatalysts [12–15]. So far, Pd nanostructures 
including nanocrystals, polyhedrons, nanosheets, nanorods and nanowires have been 
synthesized using various techniques, such as hydrothermal/solvothermal method, 
template and electrochemical methods [5,6,11–17]. For example, tetrahexahedral Pd 
nanocrystals with high-index facets are prepared by a simple electrochemical 
deposition method, which show excellent electrochemical activity toward formic acid 
and ethanol [12]. Hexagonal Pd nanosheets with plasmonic and high catalytic 
properties can be synthesized by a CO-confined growth method at low temperature 
[13]. Usually, Pd hollow structures can be synthesized from the spheric or tubular 
templates [17–25]. For example, Pd hollow sphere array can be prepared by 
electrodeposition of Pd on the SiO2 spheres [16]. Pd nanotubes with tunable diameters 
were obtained using track etched polycarbonate templates by means of 
electrodeposition [18]. Vertical free-standing Pd nanotubes can be obtained based on 
the alumina membrane under an electric potential [22]. Pd nanotubes can also be 
synthesized by the one-dimensional template under a high temperature [23]. 
Pd/PANI/Pd sandwich nanotube array were prepared by using ZnO nanorod array as 
the template through a complicated procedure [24]. Despite recent progress, it is still a 
great challenge to synthesize Pd hollow nanostructures through a solution-phase 
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synthetic strategy [24–26]. 
In this work, Pd nanotubes (PdNTs) were prepared by a simple displacement 
reaction using silver nanowires (AgNWs) as the template. The AgNW precursor can 
be synthesized by a modified polyol reduction process [27]. XRD results confirmed 
the successful synthesis of the AgNWs and corresponding PdNTs. TEM study 
demonstrated the formation of AgNWs and PdNTs and the selected area electron 
diffraction (SAED) pattern showed that PdNTs were polycrystalline. Electrochemical 
measurements showed that PdNTs displayed the highest electrocatalytic activity 
towards electrooxidation of ethanol among all the used alcohols. 
 
2. Experiments 
2.1 Materials 
All reagents used in this article were of analytical grade and purchased from 
Sinopharm Chemical Reagent Company including palladium(II) chloride, silver 
nitrate, sodium chloride, glycerol, formic acid, sulfuric acid, methanol, ethanol, 
ethylene glycol (EG), acetone and polyvinyl pyrrolidone (PVP) (molar weight= 30 
000). Double distilled water was used in the experiments except ultrapure water (18.2 
MΩ•cm) for electrochemical measurements. 
2.2 Synthesis of silver nanowires and palladium nanotubes 
AgNWs were synthesized according to the literature [27]. Typically, PVP (0.586 g) 
was added into 20 mL glycerol in a 50 mL round bottle flask with tender stirring, 
which was dissolved thoroughly in one hour with the gentle heating. After the 
Page 7 of 23
Ac
ce
pte
d M
an
us
cri
pt
temperature dropped down to room temperature, silver nitrate (0.158 g) was added 
into the above solution under stirring. After several minutes, NaCl (5.9 mg) and H2O 
(50  μL) were added into the flask. The flask was then heated under stirring and the 
solution temperature was raised from room temperature to 210°C within 20 min. The 
color of the solution turned from colorless to light brown, red-gray, and eventually 
dark-gray with the continuous increase of the synthetic time. When the temperature 
reached 210°C, the heating was stopped and the temperature dropped back to room 
temperature slowly. After that, water (60 mL) was added into the solution, and then 
the mixture was centrifuged at 4800 rpm. The as-obtained AgNWs was washed 
thoroughly by water for three times to remove the PVP residue. AgNWs were 
collected and dispersed into 3 mL water (~20 mg/mL). 
For the synthesis of PdNTs, aqueous Na2PdCl4 solution was obtained first by 
mixing aqueous PdCl2 and NaCl solutions. Stock solution of AgNWs (1 mL) was 
dispersed into water (200 mL) and refluxed in a three-neck round bottom flask (1000 
mL). Upon reaching the reflux temperature, Na2PdCl4 solution (100 mL, 1.0 mM) was 
added dropwise through the injection tube over a period of 15 min. The reaction 
mixture was refluxed for 10 min and subsequently quenched in an ice bath. After 
quenching, the product was washed in a saturated sodium chloride solution, followed 
by washing with water and ethanol, and then dried in an oven at 60°C for 6 h. 
2.3 Characterization 
Powder X-ray diffraction patterns (XRD) were recorded on a Bruker D8 Advance 
X-ray diffractometer equipped with   graphite   monochromatized   Cu   Kα   radiation  
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(λ=0.15418  nm)  from  10  to  80  degrees  (2θ)  using  a  solid  detector.  Scanning  electron  
microscopy (SEM) images were taken with a JSM-2000F scanning electron 
microscope operated at 20 kV. Transmission electron microscopy (TEM) images were 
measured with a JEM-2000EX transmission electron microscope. Energy dispersive 
spectroscopy (EDS) results were obtained with a JEOL 2100-FEG transmission 
electron microscope.  
All the electrochemical measurements were conducted on a CHI760D workstation 
in a three-electrode cell at room temperature with platinum foil as counter electrode. A 
saturated calomel electrode (SCE) for acidic solutions, or an Hg/HgO electrode for 
alkaline solutions, was used as the reference electrode. The working electrode was 
prepared using a glassy carbon electrode (GCE, 3 mm in diameter). Before 
electrochemical measurements, a mixture containing 1.0 mg of electrocatalyst and 1 
mL of ethanol was ultrasonicated for 30 min to obtain a well-dispersed ink. A 10  μL  
portion of the catalyst ink was then transferred onto the surface of the GC E and dried 
under the air to obtain a catalyst thin film. Cyclic voltammetry (CV) of alcohol 
electrooxidation was recorded in certain potential windows with the electrolytic 
solutions of 1 M alcohol in 1 M KOH. 
 
3. Results and Discussion 
 Fig. 1a shows the XRD pattern of the as-made AgNWs. Four strong diffraction 
peaks  at  2θ  degrees  of  38.3,  44.5,  64.6  and  77.5  can be clearly observed, which can be 
well ascribed to the (111), (200), (220) and (311) planes of pure Ag (JCPDS card NO. 
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87-0597) with cubic phase. The sharp diffraction peaks of the sample indicate that the 
crystalline size of Ag nanoparticles in the sample is large, which is about 43.1 nm 
calculated from the (111) peak in the XRD pattern according to the Scherrer equation. 
As depicted in Fig. 1b, the SEM image of the product confirms the formation of 
one-dimensional nanostructures, in which the length of AgNWs can be extended to 
several micrometers [27]. Furthermore, most of AgNWs have a diameter of less than 
60 nm, which is in good agreement with that derived from the XRD pattern. Figs. 1c 
and 1d show the typical TEM images of a single AgNW. It can be seen that AgNWs 
have a highly uniform diameter with the sizes of about 60 nm. Based on the SAED 
pattern of a single AgNW (the inset in Fig. 1c), it can be concluded that AgNWs have 
well crystalline nature with bright diffraction spots observed in the pattren. The 
unique structure of AgNWs can be considered as an ideal template to synthesize Pd 
nanotubular structures by using a simple replacement reaction. 
Fig. 2a shows the XRD pattern of the formed PdNTs by using AgNWs as the 
template.   Five   diffraction   peaks   at   2θ  values of 39.8, 46.5, 64.8, 81.7 and 85.9 are 
obviously observed which can be indexed into the (111), (200), (220), (311) and (222) 
plane of cubic phase Pd (JCPDS card NO. 88-2335), respectively. Different from the 
peaks in the XRD pattern of AgNWs, the diffraction peaks of PdNTs are clearly broad, 
indicating the existence of small Pd nanocrystals in PdNTs. The average size of Pd 
nanocrystals is calculated to be about 10.7 nm according to the Scherrer equation 
[28,29] based on the (111) peak in Fig. 2a. Furthermore, no Ag impurity can be 
observed in the as-made PdNTs based on the XRD pattern of PdNTs. Fig. 2b shows 
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the typical TEM image of the as-made PdNTs, in which tubular nanostructures with 
diameters of about 60 nm are observed. In the meantime, a small part of nanoparticles 
can also be obtained. Obvious diffraction circles can be observed from the SAED 
pattern of the PdNTs, as shown in the inset of Fig. 2b, in which some diffraction spots 
also appear. These should be attributed to the structural nature of the as-formed 
PdNTs, in which Pd nanocrystals are not inclined to form large well-crystalline 
tubular structures. The EDS spectrum of PdNTs also confirms the formation of 
palladium phase (Fig. 2c). 
The formation mechanism of PdNTs was proposed based on the experimental 
results and previous reports [30–32], as illustrated in Fig. 3. It is noticeable that the 
as-synthesized AgNWs are well separated (Figs. 1b-d). When the Na2PdCl4 solution 
was added dropwise into aqueous AgNW suspensions, the reactions begin among the 
reagents. The standard electrode potential is 0.796 V for Ag+ ion to Ag, 0.951 V for 
Pd2+ ion to Pd and 0.591 V for [PdCl4]2- ion to Pd. Thereafter, it is suggested that 
AgNWs in aqueous solution would not directly react with [PdCl4]2- ions, but Pd2+ ions 
[31], which were existed due to the coordination equilibrium between Na2PdCl4 and 
PdCl2, as shown in Fig. 2. Pd atoms should be formed on the surface of AgNWs due 
to the displacement reaction between Pd2+ ions and Ag. With the increase of the 
refluxing time, tiny Pd nanocrystals were gradually obtained to form a loose shell-like 
structure around the AgNWs. During the synthetic process, the rapid diffusion of Pd2+ 
and as-formed Ag+ ions [24,31] as well as the Kirkendall effect [30] that some Ag 
atoms diffused out of the newly formed Pd shell would accelerate the displacement 
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reaction at the high synthetic temperature. It is proposed that tubular Pd 
nanostructures, not Pd nanowires, are formulated because Ag+ ions and newly formed 
Pd atoms/nanoparticles continuously diffused across the shell with the expense of the 
AgNW template. 
Fig. 4a shows the CV curve of the PdNTs-modified GCE in aqueous 1 M H2SO4 
solution at the scan rate of 50 mV/s. Clearly, the CV curve of the modified electrode 
is rather different from that of the naked GCE. It shows the typical features of those 
reported Pd-modified electrodes [11, 33-35]. For example, the sharp change of current 
at -0.18 V (vs SCE) is attributed to the generation of H2 from the electrolysis of H2O. 
The peak at -0.06 V (vs SCE) is attributed to the adsorption/desorption of hydrogen in 
the surface of PdNTs. The peak at 0.37 V (vs SCE) is the reduction peak of produced 
palladium oxide [35]. The electrochemically active surface area of the 
PdNTs-modified GCE is calculated to be 0.066 cm2 based on a frequently used 
electrochemical method according to the formula of Q (C)/424 cm2. Compared with 
recent results about Pd nanostructures [11,12,29], this surface area value should be 
ascribed to the unique structural nature of PdNTs. 
To study the electrocatalytic activity of PdNTs, the PdNTs-modified GCEs were 
used as working electrode for electrooxidation of small fuel molecules. It is found that 
PdNTs show a relative high electrocatalytic activity towards alcohols and formic acid 
(Figs. 4b-d) [11,36,37]. As depicted in Fig. 4b, the mass activity (current density per 
mass of catalyst metal loaded) is 1000 mA/mg for the positive scan and 1025 mA/mg 
for the negative scan for electrooxidation of ethanol (Fig. 4b). For the electrooxidation 
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of formic acid, the mass activities are 310 and 340 mA/mg for the positive and 
negative scan, respectively (Fig. 4c). The difference in the catalytic current densities 
for positive and negative scans in Fig. 4c may be caused by adsorption of intermediate 
product which produces in the HCOOH oxidation process and covers partial active 
points of PdNTs on the modified GCE [5,38]. These results also indicate that the 
electrocatalytic activity of PdNTs is higher than that of Pd nanoparticles with a large 
crystalline size [11,15,16], but smaller than that of very small Pd nanoparticles [29]. 
The electrocatalytic activity of PdNTs has also been investigated for the 
electrooxidation of other alcohols, as shown in Fig. 4d. It is noticeable that the 
variations of the catalytic current densities toward the electrooxidation of alcohols are 
in accord with the order of ethanol > glycol > glycerol > methanol while the on-set 
voltage values of oxidation peak during the electrocatalysis are gradually increased 
with this order. Based on these experimental data, it is suggest that the electrocatalytic 
activity towards alcohols of the modified GCE may possibly obey with the same order 
[3,39-41]. It should also be noted that the inset in Fig. 4b shows the relationship curve 
between the mass activity and cycle number of the PdNTs-modified GCE toward 
ethanol electrooxidation at the scan rate of 50 mV/s. Clearly, the mass activity can 
reach the highest value quickly within several cycles. Furthermore, the mass activity 
can still maintain more than 60% of original value after 200 cycles, indicating that 
PdNTs modified GCEs still exhibits a relatively high electrocatalytic activity.  
 
4. Conclusion 
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 Pd nanotubes are synthesized by a simple displacement reaction using Ag 
nanowires as the template. Ag nanowires can be obtained easily by a modified polyol 
reduction process using glycerol as the solvent. Based on the experimental results, it 
is suggested that a thin film made of Pd nanocrystals would be formed first on the 
surface of the template and then Pd nanotubes are gradually formulated with the 
expense of Ag nanowires ultimately. Electrochemical experimental results show that 
Pd nanotubes display a high electrocatalytic activity toward the electrooxidation of 
alcohols, especially for ethanol. These results should be helpful to the design and 
synthesis of novel nanostructured Pd electrocatalysts with high electrocatalytic 
performances. 
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Figure Captions: 
Fig. 1. The XRD pattern (a), SEM image (b) and TEM images (c,d) of AgNWs, the 
inset in Fig. 1c is the SAED pattern of a single AgNW. 
Fig. 2. The XRD pattern (a), TEM image (b) and EDS spectrum (c) of PdNTs. The 
inset in Fig. 2b is the SAED pattern of PdNTs. 
Fig. 3. Schematic illustration of the formation mechanism of PdNTs. 
Fig. 4.  CV curve of PdNTs modified GC electrode in (a) 1 M H2SO4 solution, (b) in 
1M CH3CH2OH + 1 M KOH solution, (c) in 0.5 M HCOOH + 0.5 M H2SO4 solution 
and (d) in 1M alcohols + 1 M KOH solution . The inset in Fig. 4b is variation of current 
densities with cyclic number associated with the electrocatalytic oxidation in 1 M 
CH3CH2OH + 1 M KOH solution. 
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Fig. 1. The XRD pattern (a), SEM image (b) and TEM images (c,d) of AgNWs, the 
inset in Fig. 1c is the SAED pattern of a single AgNW. 
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Fig. 2. The XRD pattern (a), TEM image (b) and EDS spectrum (c) of PdNTs. The 
inset in Fig. 2b is the SAED pattern of PdNTs. 
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Fig. 3. Schematic illustration of the formation mechanism of PdNTs. 
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Fig. 4.  CV curve of PdNTs modified GC electrodes in (a) 1 M H2SO4 solution, (b) in 
1M CH3CH2OH + 1 M KOH solution, (c) in 0.5 M HCOOH + 0.5 M H2SO4 solution 
and (d) in 1M alcohols + 1 M KOH solution. The inset in Fig. 4b is variation of current 
densities with cyclic number associated with the electrocatalytic oxidation in 1 M 
CH3CH2OH + 1 M KOH solution. 
 
